While therapeutic drugs are routinely self-administered by patients, there is little precedent for self-vaccination. Convenient self-vaccination may expand vaccination coverage and reduce administration costs. Microneedle patches are in development for many vaccines, but no reports exist on usability or acceptability. We hypothesized that naïve patients could apply patches and that self-administered patches would improve stated intent to receive an influenza vaccine. We conducted a randomized, repeated measures study with 91 venue-recruited adults. To simulate vaccination, subjects received placebo microneedle patches given three times by selfadministration and once by the investigator, as well as an intramuscular injection of saline. Seventy participants inserted patches with thumb pressure alone and the remainder used snapbased devices that closed shut at a certain force. Usability was assessed by skin staining and acceptability was measured with an adaptive-choice analysis. The best usability was seen with the snap device, with users inserting a median value of 93-96% of microneedles over three repetitions. When a self-administered microneedle patch was offered, intent to vaccinate increased from 44% to 65% (CI: 55-74%). The majority of those intending vaccination would prefer to selfvaccinate: 64% (CI: 51-75%). There were no serious adverse events associated with use of microneedle patches. The findings from this initial study indicate that microneedle patches for self-vaccination against influenza are usable and may lead to improved vaccination coverage.
Introduction
Seasonal influenza causes three to five million cases of severe illness and 250,000-500,000 deaths annually [1] . Two key challenges for influenza vaccination are low voluntary coverage rates in adults and the expense of yearly vaccine administration.
The United States (US) achieves only 42% influenza vaccination coverage [2] . The average coverage of countries in the European Economic Area is 47% for elderly adults and 12% for the entire population [3] . These low levels are caused in part by fear of needles and inconvenience for patients. Needle phobia causes at least 7-8% of vaccination noncompliance [4] , and inconvenience ranks as high as second as a reason for skipping influenza vaccination [5] [6] [7] .
Although increased vaccination coverage reduces morbidity and mortality, it further increases vaccination costs. Two leading factors in the cost of influenza vaccination are administration costs and patient time cost, which can outweigh the cost of the vaccine itself by a ratio of 3.3 to 1 [8] . Administration by minimally trained workers or by patients themselves may expand the reach of vaccines and reduce vaccination costs [9] .
To improve coverage and reduce costs, we propose using microneedle patches for highthroughput vaccination by healthcare personnel or self-vaccination by patients themselves. Microneedle patches contain arrays of needles measuring hundreds of microns in length that target vaccine delivery to the skin [10, 11] .
Microneedle patches have been studied for self-administration for cosmetic applications and for delivery of parathyroid hormone [12] , but with no direct published data on usability. Several other delivery methods have been considered for self-vaccination: intranasal, sublingual, oral, inhaled, edible and transcutaneous vaccines [13] [14] [15] . To date, only one vaccine is approved for self-administration in patients' homes, oral typhoid, with an estimated 3 million vaccine series administered per year worldwide [16, 17] . Microneedle patches are especially attractive for self-vaccination because they are compatible with live, inactivated and subunit vaccines [18, 19] , administer a consistent dose [20, 21] , offer thermostability [22, 23] and can be manufactured inexpensively [11] . Moreover, microneedle-based influenza vaccines are expected to be well accepted by practitioners and the general public [24] [25] [26] and have the potential to be more immunogenic [27] [28] [29] .
Despite interest in self-administration of influenza vaccines, there is no published data on self-administration of microneedle patches or on the effect of microneedle patches and selfvaccination on vaccination coverage. We therefore conducted a study on the usability and acceptability of microneedle patches for influenza vaccination to test two central hypotheses: (i) participants can correctly apply microneedle patches with minimal training and, (ii) intent to vaccinate increases if a self-administered microneedle patch is offered to participants. Two groups of participants tested different insertion methods: applying force with the thumb alone or with a low-cost snap-based device.
Materials and Methods

Fabrication of Microneedle Patches and Snap Based Devices
Etched, stainless steel microneedles were mounted on adhesive foam backing (TM9942, MacTac, Stow, OH) and packaged with polyacetal. Each patch contained 50 hexagonallypacked microneedles, 750 μm long, with a row spacing and column spacing of 1.6 and 1.0 mm, respectively. Parts were assembled with double sided adhesive (1522, 3M, Minneapolis, MN) and sent for ethylene oxide sterilization. Nearly identical microneedle designs have been shown to insert effectively into skin [30, 31] . We fabricated a snap-based device to facilitate insertion using polypropylene screw caps (91620A200, McMaster-Carr, Atlanta, GA). We used a resistive strain gauge load cell (RSP1-010M-A, Loadstar Sensors, Fremont, CA) to evaluate these devices compared to the force an experienced, blinded investigator uses to insert microneedle patches.
Study Approval and Participant Recruiting
This study was approved by the Georgia Institute of Technology Institutional Review Board, and informed consent was obtained from all participants. We used a venue sampling method [32] to obtain a high response rate. Eligible participants were healthy, non-pregnant adults with no diseased skin, no pain perception problems, and no known allergies to compounds used in the study. Seventy participants recruited from Atlanta, GA between September 2011 and May 2012 inserted patches without snap-based devices. Twenty-one participants recruited between October and December 2012 used snap-based devices. Sampling error could affect usability and acceptability results. Because males and participants with a household income less than $20,000 were initially overrepresented, we modified our venue list during the study to emphasize venues that would attract other subjects. All participants were naïve concerning microneedle use.
Microneedle Administrations
Participants experienced three un-blinded procedures: self-administration of three microneedle patches, investigator-administration of a microneedle patch, and investigator administration of 0.5 mL saline by IM injection (22-23gauge needle, 1-1.5 inches long). Patches were administered to the volar forearm, and participants were instructed to clinch their fists. For insertion with thumb pressure alone, the procedures were randomized, but self-administration always preceded investigator administration for insertion with the snapbased devices. Instructions provided to participants are provided in Supplemental Information. The investigator intervened if the participant placed a patch on incorrectly (e.g. upside down) or if participants had a failed administration attempt. In these cases, participants were told to push harder. Patches were removed immediately after administration, and participants were told that patch vaccination would require a wear time of 1 min. Pain ratings were collected using a visual analog scale (VAS). All participant input was collected using a computer.
Skin Staining to Measure Usability
Dyes were applied to assess usability. Power analysis was based on the hypothesis that at least 85% of people could correctly administer a patch. Expecting 67 of 70 participants to succeed, we had 83% power for this hypothesis. The group using snap-based devices was a pilot study. Gentian violet or fluorescein dye was applied to different skin tones at investigator's discretion. Gentian violet 1% (Humco, Texarkana, TX) was pooled for 1 min, dabbed with gauze, and cleaned with alcohol after 5 min. Fluorescein 10% (Akorn, Lake Forest, IL) was diluted to 2% in saline, applied lightly with a cotton swab, dabbed with gauze, and cleaned with alcohol after 5 s, to provide staining on dark-toned skin. Fluorescein stains were imaged under blue LED light with blue glass as an excitation filter and a Tiffen 5558filter for emission (Hauppauge, NY). Usability was quantified by counting insertion sites, uniformly and linearly narrowing the color balance on some images. Uncertain points, such as those covered by blood, were excluded from counts. The number of stained sites visible after microneedle insertion has previously been correlated with trans-epidermal water loss, a measure of skin puncture [33] .
Acceptability Questionnaire
An adaptive choice survey solicited participants' preference for vaccination options after device administration. Participants chose between an IM injection, no vaccination at all, or a microneedle patch option. The IM injection had a fixed price (the lower of $25 or the participant's current out-of-pocket cost for influenza vaccination). The patch price changed according to a binary search algorithm. Each binary search had four steps starting at a random price, bounded between the IM price ± $20. We asked about three vaccine patch options: self-administration at home, self-administration with a healthcare worker nearby, and healthcare-worker-administration. We repeated these measurements for a hypothetical "high-protection" patch offering a 50% smaller chance in getting influenza after vaccination.
Behavioral Questionnaire
To answer what factors drove acceptance of microneedle patches, we included a questionnaire with constructs borrowed from the Theory of Reasoned Action [34] . Analysis in SPSS v20 using the Varimax rotation method separated the questionnaire items into a four-factor solution. Internal consistencies achieved on the four scales demonstrated a high level of reliability.
Each participant had a normalized score for each factor. We regressed these scores to a binary outcome measure of whether a participant would choose a microneedle patch offered at the same price as an IM injection, based on the acceptability data (Minitab v15, binary logistic regression). See details in Supplemental Information.
Results
Usability
We determined if participants could apply microneedle patches with minimal training. Subjects self-administered placebo microneedle patches three times, had a placebo microneedle patch administered by study personnel and received an IM injection of saline in randomized order. Participants were well distributed in terms physical and socioeconomic factors ( Table 1) . Fig. 1A and 1B show the prototype microneedle patch used in this study. The patch was 3 cm in diameter with an array of 100 microneedles each measuring 750 μm in length. Fig. 1C and 1D display examples of gentian violet and fluorescein skin staining. Fig. 2A illustrates the snap-based device used by twenty of the participants. This device made a snapping sound when a force of approximately 37 N was applied. As shown in Fig  2B, this force is similar to that applied by an experienced investigator. Fig. 3 charts the usability data for each self-administration attempt, the best attempt out of three, and the usability of microneedles administered by study personnel. Usability data for three participants were unavailable due to uninterpretable fluorescein stains.
Without the snap-based device, the median number of insertion sites observed on the first attempt was 90%. The variability between participants was high with an interquartile range (IQR) of 44%. On the second and third attempt, the median number of insertion sites observed increased to 94% and the variability decreased (IQR: 13-15%). The improvement in administration success was statistically significant (p = 0.003, n = 57, Friedman's rank test), indicating a learning curve. This suggested the need for a device to assist with microneedle insertion.
With the snap-based device, the median number of insertion sites observed on the first attempt was 96%, and the variability between subjects was lower than before (IQR: 5%). The improvement in the number of insertion sites observed on the first attempt was statistically significant (p = 0.006, Mann-Whitney U). The second and third attempts performed similarly well (median percent inserted: 93-95%, IQR: 9-10%). This shows that a snap-based device that provides feedback to the user regarding insertion force improved microneedle insertion success.
All insertions were well tolerated with only very mild, transient erythema. One unrelated adverse event occurred, a viral pneumonia case four days after the study. Two participants withdrew due to lightheadedness after procedures.
Acceptability
We used a discrete choice analysis to assess whether more participants would express intent to be vaccinated against influenza if offered a microneedle patch. At the baseline, 44% (CI: 34-54%) of participants expressed intent to be vaccinated during the coming year given currently available vaccination methods (i.e., "normally vaccinated" participants). This number of normally vaccinated participants is higher than the 33% influenza vaccination coverage reported in the US in 2011-12 for adults age 18-64 [2] .
Microneedle-patch vaccination by a healthcare worker-When participants were offered the choice of vaccination using a microneedle patch administered by a healthcare professional in addition to conventional IM injection, intent to vaccinate increased to 61% (CI: 50-70%). This represents a 17 percentage point increase in expected vaccination coverage overall just due to offering a microneedle patch.
Considering just the normally vaccinated participants, 51% expressed a preference for the microneedle patch; the remainder preferred IM injection. Of greater significance, among the normally unvaccinated participants, 30% (CI: 19-44%) expressed willingness to get vaccinated if offered the microneedle patch, and all of these participants preferred the microneedle patch over IM injection (Fig. 4A) . This suggests that a large fraction of those who normally do not get vaccinated could be convinced to be vaccinated if offered a microneedle patch.
Microneedle-patch self-vaccination-We next offered the option to self-vaccinate using a microneedle patch, either at home or in the presence of a healthcare worker. Given these self-administration options, intent to vaccinate increased to 65% from the baseline 44%, corresponding to a 21 percentage point increase in intended vaccination coverage. Among normally unvaccinated participants, 38% (CI: 26-52%) expressed willingness to get vaccinated (Fig. 4B) . Use of the snap-based device did not significantly affect intent to vaccinate.
Among those expressing intent to be vaccinated by any method, 55% preferred to selfadminister the microneedle patch at home, 9% preferred to self-administer the microneedle patch in the presence of a healthcare worker, 12% preferred to have a healthcare worker administer the microneedle patch, and 24% preferred IM injection. This means that 76% preferred microneedle-patch vaccination over IM vaccination and that 64% preferred self-vaccination over vaccination by a healthcare worker. The acceptance of self-vaccination was significantly higher than in the group using the snap-based device (p = 0.004, Chi-square, Fig. 4C ). Concerning the effect of price and efficacy on microneedle patch acceptability, we found as expected that acceptability of microneedles decreased if users were asked to pay more and increased if participants were told the microneedle patch would be more effective at preventing influenza. Further details are presented in Supplemental Information.
Although most participants chose self-administration if made available, there was only a small increase in intent to vaccinate compared to the case where microneedle patches were offered, but self-administration was unavailable. Although the large majority of participants preferred microneedle patches and preferred to use them for self-vaccination, it was the microneedle patch itself that was the primary deciding factor that increased intent to vaccinate.
Pain
We compared the pain of microneedle administration and IM injection for participants who achieved at least 85% of needles inserted on their first attempt. The median pain scores, out of 100, were 1.5 for self-administration, 1.5 for investigator administration, and 15 for IM injection (IQR: 5, 8, and 30, respectively). There was no significant difference in pain for insertion with the snap-based device (median: 2.5, IQR: 5) and insertion without the device (median: 1, IQR: 7; p>0.5, Mann-Whitney U). For both groups, statistical analysis showed microneedle patch administrations were significantly less painful than IM injection (Repeated Measures ANOVA: p<0.002). In both cases, there was no significant difference between self-administration and investigator administration.
Factors Affecting Microneedle Patch Uptake
We measured psychosocial indicators of microneedle acceptability with constructs from the Theory of Reasoned Action [34] . For 21 items in the questionnaire, an exploratory principal components factor analysis yielded four primary factors covering 65% of the total variance among subjects (see Table S1 in supplemental information). The four factors were: attitude towards microneedles, normative approval, behavioral beliefs, and outcome evaluations. Normative approval measured participants' perceived approval the microneedle patch by doctors, family, and friends. Behavioral beliefs measured the perceived convenience and reliability of microneedle patches. Outcome evaluations related to physical side effects of microneedles and injections.
The significant predictors of uptake were behavioral beliefs about usability and reliability (p = 0.001), normative approval (p = 0.02), and positive attitude towards microneedles (p = 0.046). This indicates that acceptability of microneedles correlated with patient beliefs (i) that microneedles are convenient and reliable to use and (ii) that doctors, family and friends approve of microneedle vaccination. Outcome evaluations (p = 0.74) positively correlated with uptake, but the correlation was not statistically significant, suggesting that the pain reduction associated with microneedles was less important to acceptability. Every participant agreed or strongly agreed that microneedle patches were easy to administer, and no participant disagreed that microneedle patches could administer flu vaccine reliably. This contrasts with a recent focus group study [35] in which 84% of participants thought it might be difficult to verify correct microneedle administration. In addition, our Likert scores for preference of microneedle patches over traditional injections were slightly higher (3.3 ± 0.8 compared to 2.7 ± 1.1, mean ± standard deviation, estimated from data in Table IV in [35] ). These differences may be due to sampling from different populations. In addition, participants in this study experienced microneedle administration prior to completing their questionnaire.
Discussion
This study sought to assess if self-administered microneedle patches are usable and acceptable for influenza vaccination. Concerning usability, almost all participants, in a relatively large, diverse population, were able to self-administer microneedle patches with minimal assistance. With administration by thumb pressure alone, some participants needed multiple attempts and instruction to push harder in order to successfully self-administer microneedles. With a simple, low-cost snap-based device, usability improved significantly. Usability of the microneedle with this device appeared to be similar to usability rates seen for the only self-administered vaccine currently approved in the US: oral typhoid vaccine [16, 36] . These results suggest that microneedle patch administration with a simple device providing insertion-force feedback is feasible and could be a reliable self-vaccination method. Having shown feasibility, the next step is to reproduce the usability results with refined instructions in a more realistic patient setting. In addition, future studies may benefit from investigating alternative administration sites, depth of microneedle administration, or extent of drug delivery.
The quantitative acceptability analysis suggests that offering a self-administered microneedle patch could improve vaccination coverage from 44% to 65%, which could have a significant impact on reducing influenza hospitalizations, deaths, and lost productivity if the findings of this moderately sized study are predictive of the US population as a whole. The microneedle patch alone was sufficient to convert 30% of normally unvaccinated participants to willing vaccinees, while the added convenience of self-administration further increased intent to vaccinate to 38%. Most participants preferred self-administration and the perceived convenience of patches was the most significant factor predicting microneedle uptake. We conclude that although participants preferred self-administration more, particularly in the group using the snap-based device, microneedle patches alone may be sufficient for improving hypothetical coverage in this population.
A separate study compared two groups receiving either self-administration and healthcareprovider-administration of influenza vaccine using a hollow microneedle device [37] . Given the option of self-administration or healthcare-provider-administration, 42% preferred the method they experienced, 42% were ambivalent, and 16% preferred the other method. Among participations who experienced self-vaccination, the preference for selfadministration was comparable to what we observed. The reduced acceptance among those who had not experienced self-vaccination may again explain the discrepancies observed in survey responses for our sample that experienced microneedle self-administration and the sample in the focus group study that did not [35] .
Beyond affecting the acceptability of influenza vaccines, another rationale for pursuing selfadministered vaccines is to reduce the cost of vaccination. Influenza vaccine administration outweighs the cost of the vaccine itself in the United States, as evidenced by the Centers for Medicare and Medicaid services which reimburses $12.40 for the vaccine [38] , but $26.20 for vaccine administration (average across all localities [39] ). The long-term cost of a microneedle patch for influenza vaccination is expected to be close to the cost of a dose for intramuscular vaccination, but there will likely be significant initial costs associated with designing and implementing the new manufacturing process. Concerning administration, we expect that the cost of self-vaccination would be close to the cost of stocking, selling, and documenting an influenza vaccination in a pharmacy, approximately $5.50 (range $4.60-$11.70) in 2012 USD [8] . Therefore, there are significant potential savings in selfvaccination for healthcare payers if changes in dose cost, reimbursement, and distribution are not too costly. An ideal setting for introducing self-administered vaccines may be a region that provides free influenza vaccines from a single payer, such as Ontario, Canada [40] . More research is needed to develop an economic analysis of self-vaccination and consider how to accommodate self-administration in the different healthcare payers systems used worldwide.
The usability and acceptability results presented here have broad implications beyond seasonal influenza. Simple administration with microneedle patches could enable vaccination by minimally trained workers or by patients themselves in other settings. For example, our laboratory is developing microneedle patches for polio and measles vaccination [41] to obviate the need for trained healthcare workers in the effort to eliminate or eradicate these diseases.
For future work, we need to improve microneedle patch administration to approach 100% reliable insertion on the first attempt, reproduce acceptability results with larger and broader populations, conduct clinical trials on the immunogenicity and safety of self-vaccination, and scale up manufacturing. Because a self-administered vaccine patch would represent a paradigm shift in healthcare, we are also assessing acceptance among healthcare providers and other stakeholders. Regulatory approval will require addressing safety concerns like anaphylaxis and syncope and legal topics such as waste disposal, mailing of biologicals, over-the-counter policy, compensation for vaccine injuries, and the validity of selfvaccination for school children and healthcare workers. We will also need to find proper ways to document self-administered vaccines and reimburse patients.
The primary limitations of this study are small sample size, volunteer bias, use of stated preference for willingness-to-pay, potential bias due to experience with self-administration, and traditional biases associated with questionnaires. Additionally, skin staining indicated puncture of the skin surface rather than confirmed drug delivery or depth of insertion, and this study did not use other measures of skin barrier disruption such as trans-epidermal water loss that have been used previously [30, 31] . Potential improvements include using larger samples of subjects, using influenza vaccine instead of skin stains to validate usability, and using marketing research techniques to eliminate volunteer and questionnaire biases.
Overall, these first-in-humans results on microneedle patch usability and acceptability suggest patients can use microneedle patches, microneedle patches may improve vaccination coverage, and self-vaccination is well accepted by patients.
Highlights
• First-in-humans study of microneedle patch usability and acceptability
• Users can correctly apply microneedle patches
• A snap-based device providing force feedback to users improved usability
• Microneedle patches increased intent to vaccinate from 44% to 65%
• 64% of participants intending vaccination would prefer to self-vaccinate Usability of microneedle patches. (A) Usability for insertion with thumb pressure alone (n=69). (B) Usability with the snap-based device (n=20). The y axis shows the percent of microneedles in a patch that punctured skin, as determined by a skin staining assay. Attempts SA1 through SA3 are participant self-administrations. Best SA is the highest percent administered from the three attempts by a participant. The control is investigator administration. A random jitter was applied to separate overlapping points (±1% on the yaxis). Acceptability of microneedle patches and self-vaccination assuming patches have similar effectiveness and cost to injections. Participant preference for four vaccination options is shown: i) IM injection, ii) healthcare worker (HCW) applies a patch, iii) self-administration of a patch with a healthcare worker nearby and iv) self-administration of a patch at home. The unfilled portion shows participants who would remain unvaccinated. (A) Microneedle patches without self-vaccination options (i.e., only options (i) and (ii)). (B) Microneedle patches with self-vaccination options (i.e., options (i) through (iv)). (C) Comparison of selfvaccination acceptability for participants who inserted with thumb pressure alone or with the snap-based device. Self-vaccination preference was significantly higher for those using the snap-based device (p = 0.004). Vaccine. Author manuscript; available in PMC 2015 April 01.
